A major obstacle in the study of membrane proteins is their solubilization in a stable and active conformation when using detergents. Here, we explored a detergent-free approach to isolating the tetrameric potassium channel KcsA directly from the membrane of Escherichia coli, using a styrene-maleic acid copolymer. This polymer self-inserts into membranes and is capable of extracting membrane patches in the form of nanosize discoidal proteolipid particles or "native nanodiscs." Using circular dichroism and tryptophan fluorescence spectroscopy, we show that the conformation of KcsA in native nanodiscs is very similar to that in detergent micelles, but that the thermal stability of the protein is higher in the nanodiscs. Furthermore, as a promising new application, we show that quantitative analysis of the co-isolated lipids in purified KcsA-containing nanodiscs allows determination of preferential lipid-protein interactions. Thin-layer chromatography experiments revealed an enrichment of the anionic lipids cardiolipin and phosphatidylglycerol, indicating their close proximity to the channel in biological membranes and supporting their functional relevance. Finally, we demonstrate that KcsA can be reconstituted into planar lipid bilayers directly from native nanodiscs, which enables functional characterization of the channel by electrophysiology without first depriving the protein of its native environment. Together, these findings highlight the potential of the use of native nanodiscs as a tool in the study of ion channels, and of membrane proteins in general.
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membrane-protein solubilization | styrene-maleic acid copolymer | lipid-protein interactions | nanodisc | ion channels I ntegral membrane proteins (MPs) are an abundant class of proteins that play key roles in a wide range of essential cellular processes (1) . To facilitate their study in vitro, detergent molecules are commonly used to extract MPs out of their native lipidbilayer environment (2) . However, the use of detergents has some inherent disadvantages. Most importantly, even though there are promising developments to improve their properties (3, 4) , the insufficient mimicking of a lipid bilayer by detergent micelles often leads to destabilization and rapid loss of function of the incorporated protein (5) . For many functional and structural studies, it is thus necessary to reconstitute the MP into a more stabilizing environment; for example, by replacing the detergent with amphipathic polymers (amphipols) (6) or incorporating the MP into lipid nanodiscs with a surrounding protein scaffold (7) . Both approaches have proven to be valuable tools for the study of structural and functional properties of MPs (8, 9) ; however, a limitation remains, as transfer of MPs into any of these systems requires initial solubilization by detergent.
Recently, a detergent-free approach has been described using amphipathic styrene-maleic acid copolymers (SMAs) as an alternative to solubilize MPs directly from biological membranes in the form of nanodiscs, referred to as "Lipodisq" or SMA lipid particles (10-13) (Fig. 1) . The mechanism of action of SMA differs fundamentally from that of detergents: instead of disrupting the lipid bilayer completely, SMA spontaneously selfinserts and extracts intact membrane patches in the form of discoidal particles that are stabilized by a SMA annulus (14, 15) . Because these nanodiscs conserve a spatially delimited native biomembrane including MPs, we term them "native nanodiscs." One of the main advantages of this system is the straightforward extraction protocol without the need for detergent. It has been shown that the SMA polymer is capable of directly extracting native nanodiscs containing large functional protein complexes from yeast (12) , bacterial proteins involved in cell division (16) and photosynthesis (17) , and several members of the ABC transporter family (13) . The isolation of these proteins from a variety of different organisms suggests a general applicability of SMA solubilization for all MPs, irrespective of their expression host or native organism.
To further explore the potential of native nanodiscs, we used the SMA polymer to isolate an oligomeric bacterial membrane protein: the tetrameric potassium channel from Streptomyces lividans (KcsA) (18) , expressed in Escherichia coli. KcsA is an ideal model protein for such studies because it is well-characterized and because
Significance
The study of membrane proteins is often hampered by their tendency to misfold when extracted by detergent. Here, we explore a detergent-free approach to isolating membrane proteins while retaining their native lipid environment, making use of an amphipathic polymer that solubilizes intact membrane patches in the form of nanodiscs. Using a potassium channel as a model protein, we show that these "native nanodiscs" are highly thermostable particles that are suitable for spectroscopic studies, allowing structural characterization of the protein in its native environment and direct analysis of the lipids in its immediate surroundings. We also demonstrate that the channel can be reconstituted from nanodiscs into planar lipid bilayers for functional characterization, thus making native nanodiscs an excellent alternative to detergent solubilization. reconstitution studies have shown that both its function and stability are strongly affected by lipid composition (19) (20) (21) . In this work, we apply SMA to prepare and purify native nanodiscs with KcsA to compare the conformational properties and stability of the protein with those in detergent micelles. In addition, we use native nanodiscs to investigate preferential lipid-protein interactions by analyzing the composition of small patches of native membrane that are copurified with the protein. Finally, we study the functional properties of KcsA on reconstitution from native nanodiscs into a planar lipid bilayer system. Our results underscore the huge potential of SMA as a membrane-solubilizing agent, as well as the use of native nanodiscs as a membranemimetic system for biophysical studies on ion channels, and MPs in general.
Results
KcsA Can Be Solubilized and Purified in Native Nanodiscs. Preparations of KcsA in native nanodiscs were obtained by the addition of SMA polymer directly to lysed E. coli whole cells with overproduced His-tagged KcsA, followed by isolation of the KcsAcontaining nanodiscs by Ni-affinity chromatography. SDS/PAGE analysis of purified KcsA in native nanodiscs shows a pronounced band at a molecular weight of ∼60 kDa ( Fig. 2A, lane 2) , similar to that observed with tetrameric KcsA purified in a standard protocol, using the nonionic detergent n-dodecyl-β-D-maltoside (DDM) (lane 4) (22) . Exposing the samples to 95°C in the presence of SDS results in a virtually complete transition to the monomeric form of KcsA, as evident from the appearance of a band at ∼17 kDa ( Fig. 2A, lanes 3 and 5) . Thus, KcsA can be isolated in native nanodiscs as a stable tetramer that is resistant to SDS at room temperature, similar to what is described for KcsA in detergent (23) . In the isolations of KcsA in nanodiscs, we observed an additional pronounced double band of varying intensity at ∼25 kDa that was heat-stable. Mass spectrometric analysis on a trypticdigested sample of this band identified it as SlyD, a stress-upregulated, soluble 20.9-kDa protein endogenous to E. coli that contains multiple histidine residues in its C terminus (24) . This common contaminant of Ni-affinity purifications could be removed completely by size-exclusion chromatography (Fig. 2B ) (25) . The SMA polymer itself migrates at a low apparent molecular weight because of its high intrinsic negative charge and is observed as a blue-stained front on the depicted gels ( Fig. 2A,  lanes 2 and 3) .
The size and shape of purified KcsA-containing nanodiscs were further investigated, using negative-stain transmission electron microscopy (Fig. 2C) . The particles exhibit a round shape with a fairly homogeneous size distribution, with diameters of 10 ± 2 nm, which is in agreement with previous studies on native nanodiscs (10, 12) and on protein-free nanodiscs obtained by SMA solubilization of synthetic liposomes (14, 15) .
Native Nanodiscs Surpass Detergent Micelles in Conserving Structural
Stability of KcsA. The purity of KcsA nanodiscs after size-exclusion chromatography renders them directly suitable for studies with circular dichroism (CD) and tryptophan fluorescence spectroscopy. Far-UV CD spectra of KcsA in native nanodiscs and DDM micelles at different temperatures are depicted in Fig. 3A . The shapes of the spectra acquired at room temperature are virtually indistinguishable and show the features of a predominantly α-helical protein with minima at around 208 and 222 nm, in good agreement with previous studies (20, 26) and available X-ray structures (27) . Upon heat exposure, differences between the spectra of KcsA in the different systems become visible. At 95°C, KcsA in DDM shows a loss of ∼50% in secondary structure, with a well-defined transition at 72°C, as measured by the ellipticity at 222 nm (Fig. 3B) . In contrast, KcsA in nanodiscs lacks a genuine transition as a function of temperature, and the amount of helicity decreases only slightly with increasing temperature, with a loss of ∼20% at 95°C. In addition, the characteristic features of α-helical proteins are qualitatively conserved over the whole temperature range for KcsA in nanodiscs, whereas they are lost in DDM micelles above the transition.
Similar observations were made when the intrinsic fluorescence of KcsA in different environments was monitored. Increasing the temperature resulted in a strong decline in intensity of the recorded emission spectra of KcsA that was more pronounced in detergent than in nanodiscs ( Fig. 3C ). At 20°C, the maximum emission wavelengths on excitation at 295 nm were ∼329 and ∼332 nm for KcsA in nanodiscs and micelles, respectively. The blue-shifted emission maximum in nanodiscs can be explained by the decreased solvent exposure of some tryptophans resulting from better shielding by conserved lipid molecules than is seen in detergent micelles. The thermal stability of the tertiary structure of KcsA was investigated by following the shift in the emission maximum as a function of temperature. Consistent with the CD A B analysis, KcsA in detergent micelles shows a genuine transition at ∼70°C, whereas in nanodiscs, changes are less pronounced, without a clear transition for KcsA (Fig. 3D ). The emission maximum of micellar KcsA at 95°C is ∼343 nm, and is thus considerably more red-shifted than in nanodiscs (∼337 nm). Virtually the same results were obtained when the intensity of the fluorescence at 330 nm was monitored as function of temperature. Thus, the tryptophan residues of detergent-solubilized KcsA show larger conformational changes than those in nanodiscs, where the tertiary structure is more stable even at high temperatures. The higher stability of KcsA in nanodiscs compared with DDM micelles is further supported by the observation of a faint monomer band of KcsA purified in DDM on SDS/PAGE at room temperature that is absent for nanodiscs ( Fig. 2A, lanes 2  and 4) . Upon storage at 4°C, we observed an increase of this difference over time. Tetrameric KcsA in nanodiscs was stable over months, with a constant tetramer fraction above 95%, whereas the tetramer fraction of DDM-solubilized protein decreased to ∼60% after 6 weeks. In line with this, we found that neither freeze thawing nor lyophilization of KcsA in nanodiscs affects the integrity of the quaternary structure, whereas DDMsolubilized tetramers dissociate to some extent (Fig. S1) . Thus, using a complementary set of techniques, it is shown that native nanodiscs serve as a good tool to conserve the structural stability of the oligomeric KcsA.
Styrene-Maleic Acid
A possible explanation for the lower stability of detergentsolubilized KcsA is the dynamic equilibrium between monomeric and micellar DDM (2), which may promote the dissociation of the KcsA tetramer by segregation of monomers into separate micelles, thus favoring further unfolding. In contrast, native nanodiscs are stable particles, and no free SMA is needed in solution to maintain their stability. Thus, the more rigid structure of the particles could convey the higher stability of KcsA. However, it should also be noted that the mere presence of lipids can increase the stability of KcsA, as suggested by studies on reconstituted protein (20, 22) . Conserving and stabilizing a lipid environment around MPs during their extraction by SMA polymers thus directly yields particles that maintain a higher stability of the trapped protein than detergent micelles.
Biochemical Analysis of the Local Lipid Environment of KcsA Reveals
Enrichment of Anionic Lipids. The isolation of intact nanopatches of biological membranes in native nanodiscs provides a unique opportunity to investigate the immediate local lipid environment of KcsA, and thus characterize preferential lipid-protein interactions. Using TLC, the isolated lipids from native nanodiscs can be separated according to headgroup. Fig. 4A shows a representative chromatogram with lipid samples from the total cell lysate, the complete SMA-solubilized fraction, and purified KcsA nanodiscs. In all samples, three pronounced bands are visible that can be identified by comparison with synthetic reference lipids as the zwitterionic phosphatidylethanolamine and the anionic lipids phosphatidylglycerol and cardiolipin. The lipid composition of independent bacterial cultures was found to be very sensitive to the growth conditions and time, resulting in a variation of absolute values in the range of 5-10 mol%. For comparison, data from each independent nanodisc preparation were therefore normalized to the corresponding total cell lysate. Quantitative analysis of the intensity of the chromatogram bands (Fig.  4B) shows that the lipid compositions of the total cell lysate and the soluble fraction are very similar and in good agreement with other studies on lipids of E. coli K 12 wild-type strains (28, 29) . Thus, SMA does not preferentially solubilize any specific lipids in the E. coli membrane. Strikingly, KcsA nanodiscs show higher amounts of anionic lipids, with increases of 36% in phosphatidylglycerol and 61% in cardiolipin content compared with the total extract. This isolation of enriched lipid species can hence be attributed to the preferential interaction of anionic lipids with KcsA. Preferential lipid-protein interactions were further analyzed by investigating the composition of the acyl chains of all isolated lipids (Fig. 4C) . Lipids from all samples predominantly contained palmitic (16:0) and cis-vaccenic acid (18:1) chains with a combined weight percentage of ∼70%, in agreement with other studies (28) . In our analysis, no strong enrichment of specific acyl chains could be detected when comparing the lipids that were copurified with KcsA with the total extract or with the SMA-solubilized fraction. Only the amount of short lauric (12:0) and myristic acid (14:0) chains appeared to be slightly decreased in purified KcsA nanodiscs in favor of a slightly higher cis-vaccenic acid content. These results suggest a minor preference of KcsA for lipids with longer chains, possibly to promote hydrophobic matching (30, 31) .
Reconstitution of KcsA into Planar Lipid Bilayers Enables Functional
Characterization. A final challenge remains in assessing the functionality of KcsA in native nanodiscs. Because analysis of ion transport is not possible in nanodiscs, we attempted to reconstitute the channel into a compartment-forming bilayer system that enables investigations of protein-facilitated potassium conductivity across membranes. To this end, we used a planar lipid bilayer setup that has been used successfully for functional studies on KcsA delivered in protein-stabilized nanodiscs (32) . Seconds to minutes after the addition of native nanodiscs with KcsA, single-channel conductivity was observed as transient discrete current changes with an amplitude of 10-15 pA (Fig.  5) , implying spontaneous fusion events of single nanodiscs with the bilayer. The recorded traces show both high and low open probability states that are characteristic for KcsA monitored under similar conditions by single-channel recordings of KcsA fused from liposomes (33) or incorporated via a cell-free expression protocol (34) . The results are also comparable with those obtained by patch clamp studies of giant unilamellar vesicles with KcsA reconstituted from detergent (35) . Together, this suggests identical functional properties of KcsA reconstituted from native nanodiscs compared with standard reconstitution protocols. Upon addition of the K + -channel blocker tetraethylammonium, we observed a reversible complete depletion of all opening events (Fig. S2) , further confirming the presence of reconstituted KcsA in the bilayer. Native nanodiscs thus may serve as a powerful alternative to conventional approaches for the functional reconstitution of ion channels.
Discussion
We have shown that native nanodiscs with embedded KcsA are formed spontaneously from bacterial cells upon addition of SMA polymer and that, using Ni-affinity and size-exclusion chromatography, sufficient protein can be purified in nanodiscs for extensive biophysical characterization. The isolation of KcsA in this manner is less cumbersome than standard detergent protocols and has the additional advantage of conserving the native conformation of the protein in a stabilizing environment comprising native lipids. Our data suggest that native nanodiscs in general convey a higher stability of the incorporated protein than detergent micelles, in agreement with previous findings on the thermostability of an ABC transporter (13) and photosynthetic reaction centers (17) . In addition, as shown in this study, the coisolation of MPs with a patch of biological membrane allows for the analysis of preferential interactions and further facilitates structural and functional studies on purified protein in a (near) native state, as discussed next.
Insights into preferential lipid-protein interactions are important to understand structural and functional properties of MPs in a membrane environment. However, detailed information is not easily obtained with standard methods. Here, we exploited the extraction of intact nanopatches of biological membranes by the SMA polymer to directly identify preferential lipid-protein interactions that allow approximations of the situation in vivo. Analysis of the lipid composition revealed an enrichment of anionic lipids in close proximity to KcsA. This finding is unlikely to be an artifact of the extraction protocol because we found that none of the three main E. coli lipid species is preferentially incorporated into nanodiscs. This is intriguing, as the SMA polymer has a high negative charge density at pH 8.0 because of its many carboxylic acid moieties, which could be expected to lead to electrostatic repulsion of anionic lipids. The absence of a measurable effect of this repulsion hence emphasizes the promiscuity of the polymer with respect to lipid species in biological membranes. Similarly, SMA did not preferentially solubilize lipids containing specific fatty acids. This indicates that lipid solubilization by SMA is applicable to all phospholipids in any membrane, irrespective of headgroup or acyl chains, as further supported by the successful extraction of all major phospholipids of the mitochondrial membrane in yeast (12) , as well as the membrane of the photosynthetic bacterium Rhodobacter sphaeroides (17) .
The importance of anionic lipids for KcsA functionality and their close association with the channel has been well established by a wealth of studies using fluorescence quenching by brominated lipids (33) , mass spectrometry (36), electrophysiology (33, 37, 38) , and molecular dynamic simulations (39, 40) . In addition, the diacylglycerol fragment found in crystal structures of KcsA was attributed to phosphatidylglycerol (19) , and it has been shown that anionic lipids strongly stabilize the KcsA tetramer against dissociation by both heat (20, 22) and small fluorinated alcohols (21) . In these studies, KcsA was purified in detergent, and preferential interactions were either deduced from the copurification of single tightly bound lipids or were observed indirectly after reconstitution into synthetic lipid bilayer systems. In contrast, the method described in this work facilitates direct biochemical analysis of preferential lipid-protein interactions that involve the native annular lipid environment. This paves the way for a new application to study specific lipid-protein interactions by using the SMA polymer to isolate nanodiscs with protein that has been conventionally reconstituted into bilayers of well-defined composition. By systematically varying the composition of these bilayers, one can then obtain very detailed information on the specificity of KcsA or other proteins for both lipid headgroups and acyl chains. Aside from assessing lipidprotein interactions, native nanodiscs offer the important additional advantage of copurifying proteins or other molecules that weakly interact with the target MP, providing unique insights into the composition of its immediate membrane environment. This feature has been used very recently for the isolation of a detergent-labile complex of penicillin-binding proteins in Staphylococcus aureus (16) . Native nanodiscs thus are a powerful tool to study preferential interactions of MPs both in vitro and in vivo.
In addition to purification of MPs and analysis of their preferential interactions, native nanodiscs also allow structural and functional characterization. Here, we used CD and fluorescence spectroscopy to study the thermostability of KcsA in a straightforward way. Moreover, their small size makes native nanodiscs, in principle, suitable for characterization by the full range of biophysical techniques, including NMR spectroscopy, that have been successfully applied to MPs incorporated into similar lipid nanodiscs that are stabilized by scaffold proteins instead of SMA (9) . Native nanodiscs are also promising tools for studies on MPs in the rapidly developing field of single-particle cryo-electron microscopy. The use of amphipols to stabilize MPs has recently led to a high-resolution de novo structure determination of a cation channel at a resolution of 3.4 Å (41), breaking the sidechain resolution barrier. Together with promising studies using scaffold-protein nanodiscs (42, 43) , as well as initial studies with native nanodiscs (44) , these new developments suggest that native nanodiscs may become a powerful alternative to enable high-resolution structural characterization of MPs in their native environment.
Several proteins have so far been functionally characterized in native nanodiscs by investigating their ligand-binding (13) and optical (10) (11) (12) 17) properties, as well as their enzymatic activity (10, 12) . Our data demonstrate that native nanodiscs can be also used to directly reconstitute KcsA into planar lipid bilayers, allowing electrophysiologic characterization of single channels in membranes with well-defined composition. To the best of our knowledge, this represents the first evidence of purification and transfer of an MP from the membrane of living cells to synthetic lipid bilayers without being deprived of its native lipid environment during any stage in the procedure. The ability of native nanodiscs to fuse with bilayers can be considered a promising first step toward enabling crystallization trials of MPs in a nearnative environment. Other prospects of successful reconstitution include a plethora of assays available for MPs in liposomes and supported bilayers in applications that require a well-defined lipid environment. With the inherent advantage of conserving the native lipid environment of MPs, native nanodiscs constitute a highly promising and convenient alternative to detergent solubilization and may lead the way toward an in situ approach for structural and functional studies on MPs, including pharmacologic assays.
Materials and Methods
Materials and SMA Preparation. All chemicals and enzymes were purchased from Sigma-Aldrich unless otherwise indicated. DDM was from Affymetrix, and all reference lipids used were from Avanti Polar Lipids. The used polymer was SMA2000, a styrene-maleic anhydride copolymer with a molar styrene maleic anhydride ratio of 2:1, a weight average molecular weight of 7.5 kDa, and a molar mass dispersity (polydispersity index) of 2.5 (Cray Valley). Conversion into SMA was achieved by hydrolysis in 1 M KOH and reflux for 2 h while heating the suspension to 100°C. Subsequently, the polymer was precipitated by the addition of HCl and washed 6 times with 100 mM HCl to remove K + ions. The sample was lyophilized, and hydrolysis was confirmed by Fourier transform infrared spectroscopy (17) . SMA stock solutions were prepared by dissolving 6% (wt/vol) SMA powder in 50 mM unadjusted Tris buffer with gradual addition of NaOH solution until the pH reached the neutral range. The solution was then stored at −20°C and adjusted to pH 8.0 and to the desired volume after thawing.
Gene Expression and Protein Purification. KcsA was produced as described earlier (22) . Cell pellets were resuspended in 50 mM Tris buffer at pH 8.0 containing 600 mM NaCl and 30 mM KCl (10 mL per 2 g wet cell weight) and incubated with 10 μg/mL lysozyme and 5 μg/mL DNase for 45 min on ice. The suspension was aliquoted and mixed 1:1 with 6% (wt/vol) SMA in 50 mM Tris at pH 8 for the preparation of native nanodiscs or 1:1 with 50 mM Tris buffer at pH 8 for detergent solubilization, respectively. The cell suspension with SMA was pushed through a disruptor at a pressure of 215 MPa and incubated overnight with gentle agitation at room temperature, followed by 45 min of centrifugation at 100,000 × g. SDS/PAGE analysis of supernatant and pellet after centrifugation revealed that 70-80% of the total amount of tetrameric KcsA was solubilized by SMA. The supernatant was then incubated for at least 4 h at 4°C with 2.5 mL HisPur Ni-NTA agarose beads (Thermo Scientific) per liter of culture medium. The beads were transferred to a gravity-flow column and washed three times each with buffers containing 10 and 50 mM imidazole. Protein in native nanodiscs was then eluted with buffer containing 300 mM imidazole, yielding 1-2 mg protein per liter of culture medium on average, estimated by SDS/PAGE analysis and densitometric comparison of the protein bands after Coomassie staining with a gradient of BSA of known concentration, using the Quantity One software (Biorad). For biophysical studies, the pooled eluted fractions were loaded on a Superdex 200 10/300 GL size exclusion column (GE Healthcare) connected to an Äkta Prime Plus chromatography system (GE Healthcare) to separate the protein-containing nanodiscs from contaminating soluble proteins and free polymer. Thereby, the buffer was exchanged to 10 mM Tris at pH 8, 100 mM NaCl, and 5 mM KCl, which was used in all subsequent experiments. Detergent purification was performed on aliquots of lysed cells, as described earlier (22) , with the difference of using Tris buffer at pH 8.0 instead of Hepes. Eluted protein was extensively dialyzed against 1 mM DDM in the same buffer that was used for nanodiscs, using a dialysis membrane with a 50-kDa molecular weight cutoff. Protein concentration was determined by the absorption at 280 nm, using a calculated extinction coefficient of 34,950 M −1 · cm −1 (45) . For protein in native nanodiscs, this can only be considered an estimate, as the phenyl groups of SMA contribute to the absorption in this wavelength range.
Spectroscopy. Far-UV CD experiments were performed on a J-810 spectropolarimeter (Jasco) with a Peltier thermo control element (Jasco), using Teflonsealed, polarimetrically checked quartz glass cuvettes with an optical pathlength of 1 mm and a volume of 350 μL (Hellma Analytics). Experimental parameters included a wavelength increment of 1 nm, a scan speed of 20 nm/min, a response time of 4 s, and a KcsA concentration of 0.06 mg/mL, as determined for DDM-solubilized protein. KcsA in native nanodiscs was diluted such that samples had the same signal intensity as protein in DDM, correcting for inaccuracies in concentration determination. Samples were allowed to equilibrate for 30 min at the desired temperature before measurement. All resulting spectra are buffer-and offset-corrected averages of 8-10 scans in the range of 200-250 nm. Tryptophan fluorescence measurements were performed on a Cary Eclipse spectrofluorometer (Varian) equipped with a thermo control unit (Varian) in sealed quartz glass cuvettes with optical path lengths of 4 × 10 mm and an inner volume of 1.4 mL (Hellma). The excitation light beam had a wavelength of 295 nm at a slit size of 5 nm, and the fluorescence emission was recorded in the range of 300-400 nm, using a slit size of 5 nm, a wavelength increment of 1 nm, a scan speed of 60 nm/min, and an integration time of 1 s. The KcsA concentration was 0.01 mg/mL. All samples were allowed to equilibrate for 30 min at the desired temperature. Spectra were recorded in triplicate and corrected for buffer contribution before analysis by nonlinear least squares fitting to a bimodal log-normal distribution, using the Excel add-in Solver (Frontline Systems) (46) . Lipid Analysis. Before lipid isolation, KcsA-containing native nanodiscs that were eluted from Ni-NTA beads were washed with buffer on spin columns with a molecular weight cutoff of 30 kDa to remove imidazole. Lipids were then extracted according to a modified version of the method of Bligh and Dyer (47) and analyzed by quantitative TLC, as well as gas chromatography (for details, see SI Materials and Methods).
Electrophysiology. Single-channel recordings of KcsA were performed on a Compact setup for planar lipid bilayer electrophysiology (Ionovation) connected to an EPC 10 amplifier (HEKA). Lipid bilayer formation was achieved by painting E. coli polar lipid extract dissolved in n-decane (50 mg/mL) over a 200-μm hole in a Teflon-septum separating two compartments. Both compartments contained 150 mM KCl solution that was buffered with 10 mM Hepes to pH 7.0 in the cis compartment and 10 mM succinic acid to pH 4.0 in the trans compartment, respectively. After channel insertion, the conductivity at a constant voltage of +100 mV was recorded for several Dörr et al.
PNAS | December 30, 2014 | vol. 111 | no. 52 | 18611 minutes, using the PatchMaster software (HEKA). Data were sampled at 10 kHz and digitally filtered at 1 kHz. All measurements were performed at 22°C. For a more detailed description of the method used for incorporation of KcsA channels into planar bilayers as well as electron microscopy, see SI Materials and Methods.
